Molecular chaperones (heat shock proteins) are important components of cellular networks, such as proteinprotein and gene regulatory networks. Chaperones participate in the folding of immunologically important proteins, presentation of antigens and activation of the immune system. Here, we propose that chaperonerelated immune dysfunction might be more general than was previously thought. Mutations and polymorphism of chaperones and the regulators of their synthesis, heat shock factor-1, chaperone diseases, sick chaperones and chaperone overload might all affect (mostly impairing) immune responses.
A central role for chaperones in networks and immune functions Chaperones (see Glossary) are ubiquitous, highly conserved proteins, which either sequester damaged proteins, preventing their aggregation, or use a cycle of ATP-driven conformational changes to help the folding of freshly synthesized proteins and the repair of conformational protein damage. Environmental stress (a sudden change in the cellular environment, such as heat shock, to which the cell has not developed a specific adaptive response or does not have time to execute the specific adaptive response) leads to an increase in misfolded proteins and a consequent expression of most chaperones; chaperones are therefore also called heat-shock (Hsps) or stress proteins [1] . Chaperones are important parts of cellular networks, forming complexes with each other, with the numerous co-chaperones regulating their function and with hundreds of other cellular proteins. Examples of these chaperone-related network modules, the recently described 627 members of the yeast 90 kDa Hsp (Hsp90) network [2] and the known 160 binding partners of Hsp90 are shown in Figure 1 . Behaving as key elements (hubs) in the organization of the protein-interaction networks and genetic-regulatory and membrane or organelle networks of the cell, chaperones promote crosstalk between various signaling pathways, regulate transcriptional networks and might have a role in the coupling of the membrane network of mitochondria, the endoplasmic reticulum and the cell nucleus [3] .
Chaperones have a prominent role in diverse immune functions. For example, they are associated with the proteasomes; proteasome cap structures themselves have chaperone activity, which enables them to unfold irreversibly damaged proteins and to direct them to the active sites of the proteasomal cavity, where antigenic peptides are generated [4] . Intracellular chaperones in the cytoplasm and in the endoplasmic reticulum have a role in transporting, trimming and presenting antigenic peptides to MHC class I and class II molecules [5] . Extracellular chaperones, released as a result of cell death and taken up by antigen-presenting cells through chaperone receptors
Glossary
Chaperone: a protein (or RNA) is called a chaperone if it prevents the aggregation of other proteins, or facilitates the folding or refolding of de novo synthesized or misfolded proteins, respectively. Most (but not all) chaperones are preferentially synthesized after stress and are therefore called stress or heatshock proteins. Chaperones are usually nonspecific; that is, they interact with various freshly synthesized or damaged proteins. However, a large number of highly specific chaperones also exist, which help the folding of only one protein or a restricted set of proteins. Chaperone overload: chaperone overload occurs when the cell has more damaged proteins than unoccupied, active chaperones, leading to the occupation and consequent inhibition of most cellular chaperones. Chaperonin: Chaperonins are alternative names for the chaperones and cochaperones of the 60-kDa heat-shock protein family. Chemical chaperone: a chemical chaperone is a small compound which nonspecifically increases the stability and/or folding of unfolded or misfolded proteins. Chemical chaperones are usually used in large excess, and help the dissociation of damaged proteins from their complexes with protein chaperones or protein aggregates. The chemical chaperones, that are specific to a certain protein (i.e. their substrates or allosteric modulators) are often called pharmacological chaperones. Emergent property: a property of a network, which can not be elucidated from the properties of any single network element and emerges as the consequence of the structure and interactions of the whole network. Heat-shock factor-1 (HSF1): a transcription factor primarily responsible for the induction of heat-shock proteins in higher eukaryotes. HSF1 is a member of a larger family, in which other members are active in prolonged stress, or provide organ-and/or species-specific induction of heat-shock proteins during stress and development. Heat-shock proteins (Hsps): Hsps, more generally known as 'stress proteins', provide the most ancient defense system of living organisms on Earth. They are induced by any type of stress. However, different environmental stresses will result in specific induction patterns of the large Hsp families. Many (but not all) Hsps are molecular chaperones. Hub: an element of a network with a large number of connections to other network elements. An element is usually called a hub if it has more than 1% of all connections (links) of the network. Proteins with more than 100 connections are often regarded as hubs of protein networks. Sick chaperone: a chemically damaged, or mutated, chaperone that cannot perform its usual functions: prevention of protein aggregation, assistance in the folding of de novo synthesized proteins and refolding of damaged proteins. [6] , are involved in antigen cross-presentation and the consequent antiviral and anticancer immune response. Although the extent of chaperone-mediated antigenic peptides in cross-presentation has been debated [7, 8] , the necessity and sufficiency of peptides chaperoned by Hsps for antigen cross-priming of CD8 C T cells was recently shown [9, 10] . However, the involvement of chaperones in cross-priming might also occur at the proteasomal substrate level [11] or by (chaperoneassisted) autophagy inducing MHC class II presentation of intracellular antigens [12] . Chaperones assist in the quality control of the MHC class I complex, T and B cell receptors and many key proteins of immune signaling [13] [14] [15] . The central role of chaperones in cellular networks predicts their links to several other proteins involved in immune functions, such as calcineurin (CNA2), the cytokine receptor FLT3, the Lck tyrosine kinase, the Toll-like receptor TLR4 and the other 94 examples of binding partners of Hsp90 alone that are highlighted in Figure 1 and in the online Supplementary Material.
Here, we propose that the contribution of chaperones to immune dysfunction is larger than previously thought. Deleterious mutations of chaperones, chaperone polymorphisms, impaired chaperone production, chaperone damage and chaperone overload might all lead to chaperone-related immune dysfunction. This prompts the investigation of immune dysfunction in chaperone deficiencies and folding diseases and suggests novel experiments to assess the role of molecular chaperones in immune function during stress and aging. Because our proposal is related to the function of molecular chaperones [2] are shown using the Osprey program [50] . Human homologs of yeast network members were included, using the Saccharomyces Genome Database (http://www.yeastgenome.org). A total of 160 known Hsp90 partners were also identified using the Hsp90-interactor table (version 06/2005) downloaded from the Hsp90 Interactors website (http://www.picard.ch/ downloads/Hsp90interactors.pdf), and PubMed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) was searched for publications describing immune-related functions of each Hsp90 partner. Possible Hsp90 partners involved in immune regulation (yellow), autoimmune diseases (red) or immune-related malignancies (blue) are highlighted. Green and purple dots represent proteins involved in immune regulation plus malignancies and autoimmune diseases plus malignancies, respectively. Red and purple dots overlap with yellow dots, with the exception of the 60 kDa Ro autoantigen in systemic lupus erythematosus (SSA2), interferon-induced dsRNA-dependent protein kinase (PKR) and the macromolecular His-tRNA-synthetase complex (TRNAS). These overlaps have not been illustrated for the sake of clarity. The 98 immune-related Hsp90 partners are an over-representation because not all interactions are conserved in humans. By contrast, the 98 immune-related Hsp90 partner proteins are an under-representation because many other immune-related Hsp90 partners have multiple names or are excluded from the title, abstract or keyword data on PubMed. Details of Hsp90 partners (including the names of genes, the nature of the interaction, the possible immune-related dysfunction, the available evidence and 144 references) can be found in the online Supplementary Material. as parts of cellular networks, we do not discuss here the extensive and important role of chaperones in immune functions as antigens. It is clear that the various changes in the chaperones we summarize here also affect the immune response against them. Altered immune responses against mutant or damaged chaperones will be subject of exciting studies in the future. Similarly, we do not include the wide range of disorders and pathological states caused by defective chaperones but focus on chaperone-related immune dysfunction. For extensive coverage of chaperone-related pathological states, see [16] .
Chaperone polymorphisms and mutations
Chaperone mutations are primarily exemplified by relatively widespread chaperone single nucleotide polymorphisms, which bring a functional variability to the crossregulated actions of the chaperone network. The 70-kDa Hsp (Hsp70) family shows exceptional polymorphism among human molecular chaperones [17] . The three major Hsp70 genes are located on chromosome 6p21 in the central part of the MHC locus, in close proximity to the genes encoding tumor necrosis factor a, lymphotoxin, complement C4 and 21-b-hydroxylase. These genes regulate immunity, inflammation and the stress response, and are inherited together with MHC class I and class II genes in the form of ancestral haplotypes [18] . An association of Hsp70 polymorphisms and various diseases with inflammatory or autoimmune pathogenesis (such as sepsis, Crohn's disease, Alzheimer's disease and pancreatitis) [19] [20] [21] [22] , and with acute graft-versus-host disease [23] has been suggested.
Deleterious mutations of various chaperones contribute to the etiology of several diseases as described in Table 1 [14] . These mutations are likely to affect immune function. As an example, IgA deficiency has been shown to occur in the Hsp27-related Charcot-Marie-Tooth disease [24] . We propose that naturally occurring polymorphisms, and mutations of both chaperones and the transcription factor responsible for chaperone induction, heat-shock factor-1 (HSF1), might contribute to immune dysfunction in more cases than those uncovered so far.
Impaired chaperone production HSF1 is a member of a transcription factor family and is a key factor in the synthesis of most HSPs in mammals. HSF1 is activated by a sequence of events, starting from the disassembly of the HSF1-chaperone complex in the cytoplasm, through the trimerization, nuclear translocation and phosphorylation of HSF1 and ending with the binding of HSF1 to the respective DNA elements. The final transcriptional events, the dissociation of HSF1 from the DNA and its 'recycling' to the cytoplasm, are also modulated by a large number of cofactors, including molecular chaperones [25] . Recent reports [9, 26] showed marked defects in the immune response of HSF1-deficient mice, which are devoid of the transcription factor HSF1 and have an impaired synthesis of most molecular chaperones. One of the reports found that sheep red blood cell-specific IgG production (especially IgG2a production) was approximately half that of the control level following intraperitoneal immunization, and the production of interleukin-6 and CCL5 also became impaired in HSF1-deficient mice [26] . Additionally, cross-priming of antigen-specific CD8 C T cells was inefficient when antigen expression was restricted to the nonantigen-presenting cells of HSF1-deficient mice [9] .
An example of a more extensive decrease in specific chaperone levels at the cellular level is the deficiency of the endoplasmic reticulum chaperone gp96 (also called Grp94). This caused the inefficient folding of the Toll-like receptors and a subsequent defect in the response of the murine pre-B cell line 70Z/3 [27] . As a further example, the destabilization of the cytoplasmic chaperonin TriC by RNA interference inhibited the peptide loading of MHC class I molecules in the HeLa cell line [28] .
In immortalized B cells originally derived from four pairs of identical twins discordant for type 1 diabetes, the decreased expression of the MHC class II invariant chain chaperone led to impaired antigen presentation by the B lymphocytes of the diabetic patients. The decrease was due to cellular effects of the pathological state and not to specific somatic mutations of the invariant chain chaperone [29] . Chaperone induction is not only specifically, but Co-factor C (a chaperone for tubulin folding)
Contribution to X-linked retinitis pigmentosa Susceptibility to aberrant cell-mediated immunity [47] Co-factor E (a chaperone for tubulin folding) also generally impaired in aging persons [30] , which might contribute to age-related immune dysfunction. At their sites of action, immune cells might often experience a rather pronounced stress -for example, as a result of a local inflammation. Impaired chaperone induction might lead to the dysfunction or apoptosis of cells involved in the immune response [31] . Based on the above examples, we propose that various forms of chaperone deficiency or impaired chaperone induction might make a larger contribution to immune dysfunction in human patients than was previously thought.
Chaperone damage and chaperone overload
Chaperones have a large hydrophobic surface to recognize damaged proteins, as well as an exceptionally high percentage of naturally disordered regions, which help them to 'catch' their substrates and also to undergo the conformational changes necessary for their assistance in the folding process [32] . These structural features might explain why chaperones are preferentially damaged during aging, by oxidation and other chemical modifications [30] , and also show decreased activity during aging [33] . The dysfunction of these chemically damaged, 'sick' chaperones [34] might contribute to the immunodeficient state seen in the elderly. As the extent of this contribution is presently not known, there is a need for studies to analyze the level of chaperone damage in the lymphocytes and dendritic cells of elderly subjects, as well as the use of chemical and overexpressed chaperones to modulate the immune response of these cells.
The levels of damaged or newly folded proteins and the available chaperone capacity are two sides of a carefully balanced system in cells. An excess of chaperone substrates or diminished chaperone content might induce chaperone overload -that is, a relative deficit of available active, unloaded chaperones [35] . Chaperone overload becomes especially large in elderly subjects, in whom protein damage is abundant, and chaperone induction and function are impaired [30] . A special case of chaperone overload occurs in folding diseases, where a misfolded, and usually not degraded, protein sequesters most chaperones. This might contribute to various levels of immune dysfunction in these patients. As an example of this, impaired cytokine production has been reported in Parkinson's disease [36] . However, a causative link between chaperone overload and immune dysfunction has not yet been established, and the misfolded protein might also directly impair various elements of the immune response in Alzheimer's disease [37] . Moreover, in folding diseases, the vast surplus of the misfolded antigen often triggers a specific immune response, which could surpass the putative immune dysfunction. This might occur especially in cases where the misfolded protein is not expressed in cells of the immune system, and therefore might provoke an enhanced specific immune response without a direct inhibition of immune cell functions. Thus, analysis of the contribution of chaperone overload to a possible immune dysfunction will require careful study, preferably in transgenic animals, in which the complex changes of the immune response can be better investigated than in cellular model systems.
Chaperone-related immune dysfunction
The above scenarios of impaired chaperone function (chaperone polymorphisms, chaperone mutations, impaired chaperone induction, damaged and overloaded chaperones) might all induce an immune dysfunction ranging from the invisible to the pronounced. The hypothetical pathways of chaperone-related immune dysfunction, summarized in Figure 2 , are listed below:
(i) Proteasome assembly and proteasome function might become impaired, such that fewer or different antigenic peptides might be generated; proteasomal cross-presentation might also be impaired. (ii) The transport of antigenic peptides by chaperones might be disturbed in the cytoplasm and into, or within, the endoplasmic reticulum: the spectra of immunogenic peptides might be narrowed to highaffinity binders (which are not necessarily the most immunogenic); fewer or different antigenic peptides might reach the MHC complexes. of the immune system might fold inappropriately; activation and/or anergy of the immune system might become incomplete and slower (Figure 2b ). In summary, chaperone deficiencies might induce a novel emergent property of cellular networks (a property which cannot be predicted from the behavior of any of the individual network elements): various forms of immune dysfunction.
Possible therapeutic interventions
Modulation of chaperones or their induction might provide an important therapeutic platform for the development of immunomodulatory drugs. There are several examples of immunosuppressant molecules interacting with molecular chaperones. Cyclophilins and the FK506 immunosuppressant-binding proteins are target chaperones of the widely used immunosuppressants cyclosporin A and FK506, respectively. The immunosuppressant deoxyspergualine interacts with the structurally similar carboxyterminal regulatory segments of the constitutively expressed form of Hsp70 and with both isoforms of Hsp90. This was proposed as a mechanism to compromise the function of these three chaperones [38] . Similarly, mizoribine, another immunosuppressant, binds to mammalian Hsp60 and inhibits its action [39] . In a similar context, properly targeted 'bona fide' chaperone inhibitors, such as geldanamycin, might be good candidates for immunosuppressive agents [14] .
In the converse situation, where there is a deficiency of chaperone function, overexpression of chaperones or chemical chaperones improves the immune response in animal models [40, 41] . Similarly, chaperone inducers and co-inducers [42] [43] [44] , which are a class of novel therapeutic compounds already being tested in clinical trials, might help to restore compromised immune function in elderly subjects and in other types of chaperone-related immune dysfunction.
Concluding remarks
Based on the available data in the literature indicating an apparent correlation of various forms of deficient chaperone function with impaired immune response (Table 1) , as well as studies on the central role of chaperones in the protein interaction, signaling and transcriptional regulatory networks of the cell, we propose that chaperone mutations, chaperone polymorphisms, impaired chaperone induction, chaperone damage and chaperone overload might all contribute to various levels and forms of immune dysfunction.
Our hypothesis can be tested by a careful analysis of the immune responses of patients suffering from the diseases listed in Table 1 , or from folding diseases. If a limited subset of chaperone polymorphisms reveals an extreme dysfunction of the affected chaperones, the immune functions of the respective population should be assessed. Overexpression of damaged proteins, as well as expression of chaperones or HSF1, with dominant-negative mutations in transgenic animals, might all induce an impaired immune response. In all of these pathological or experimental states, a partial reversal of the immune dysfunction might be achieved by the overexpression of chaperones or the addition of chemical chaperones, chaperone inducers or co-inducers. Our hypothesis thus calls for detailed studies of immune functions in chaperone-deficient pathological states, analysis of altered immune responses against mutant or damaged chaperones and the assessment of the contribution of chaperones to immune function in acute, repeated and prolonged stress and aging. 
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